1. Introduction {#sec1}
===============

Self-assembly of nanoparticles is a field of great research expectation due to their unusual collective properties. Controlled self-assembly based on selective control of non-covalent interactions in various classes of nanomaterials provide a great possibility of exploitation of these functional properties in tailor-made device applications \[[@bib1], [@bib2], [@bib3]\]. The crucial component to realize self-assembly is the proper balance of attractive forces (covalent, H-bond etc.) and repulsive forces (electrostatic, steric etc.) \[[@bib4],[@bib5]\]. Various approaches have been reported to organize nanoparticles in assembly like, anisotropy in ligand attachment \[[@bib6]\], phase separation \[[@bib7]\], grafting complementary DNA \[[@bib8], [@bib9]\], charge transport \[[@bib10]\], electroless deposition \[[@bib11]\] etc. Apart from that, various microbes, like Spirulina algae \[[@bib3]\], M13 virus aerogel \[[@bib12]\], Tobacco Mosaic Virus \[[@bib13], [@bib14]\], genetically engineered viruses \[[@bib15], [@bib16]\] etc. Diverse driving methods like, light \[[@bib17]\], heat \[[@bib18]\], electric field \[[@bib19]\], magnetic field \[[@bib20]\], evaporation induced \[[@bib21]\] etc. have been reported by many researchers. Because of the strong electronic interactions the self-assembled hybrid materials are being explored intensively in optoelectronics \[[@bib22]\] and related fields. Recently Raghuwanshi and his colleagues, using sputtering in deep eutectic solvent reported the formation of small self-assembled clusters of Au nanoparticles without undergoing agglomeration \[[@bib23], [@bib24]\].

Self-assembly of hybrid nanoparticles through surface modification with small functional molecules, mostly possess a spacer unit \[[@bib25]\] like, alkyl **(1)** \[[@bib26]\], H-bonded spacer **(2)** \[[@bib27]\], silyl \[[@bib28]\], polymeric linker **(3)** \[[@bib29]\] between the functional unit and nanoparticle. Mainly, H-Bonding and Co-valent bonding are explored for such assembly. To enhance the interaction between the surface electronic cloud of the central nano-particle and the conjugated pi-electrons of the organic moiety grafted on its surface, the present design focuses on pi stacking mediated organization of nanoparticles ([Figure 1](#fig1){ref-type="fig"}). Very few works have been reported on self-assembly originating from pi-pi interactions, and it remained intangible yet, what actually controls such pi-pi stacking mode \[[@bib30]\].Figure 1Previous reports of nanoparticle self-assembly (1--3) and the present design (4).Figure 1

In this work, a coumarin skeletal framework have been extended with fused thiazole-ring with an --SH anchoring group. Silver is taken for the formation of the metal nanoparticle core due to its well-documented applications \[[@bib31]\]. Such design is having two major benefits, firstly, the pi-electrons of the organic fuse-ring system will be in direct interaction with the metal surface electrons, and secondly, the π-stacking (and associated interactions) of the surface organic moieties would effectively mediate self-assembly of metallic nano-particles, as coumarin derivatives are reportedly known to exhibits π-stacking \[[@bib32]\].

2. Materials and methods {#sec2}
========================

2.1. Equipments and materials {#sec2.1}
-----------------------------

The UV-Visible and the Fluorescence spectra of the synthesized compounds were recorded on Shimadzu UV 1601 PC and on PerkinElmer LS45 spectrofluorimeter respectively. The TEM was done with JEOL JEM-100-CX-II and the XRD on Phillips X\'Pert Pro. ^13^C and ^1^H-NMR spectra were obtained using Bruker Avance III 400 MHz NMR in CDCl~3~ with tetramethylsilane as internal standard. Coumarin, potassium thioacetate, KOH, silver nitrate were from Sigma Aldrich. All solvents were purchased from Merck. All chemicals were used as received.

2.2. Synthesis of the target material {#sec2.2}
-------------------------------------

### 2.2.1. Synthesis of 6-nitrocoumarin **(1)** {#sec2.2.1}

Nitration mixture (16mL) was slowly added to the solution of Coumarin (8g, in conc. H~2~SO~4~) at 0 °C and then stirred at room temperature for an hour before pouring into crushed ice. The solid product separated out and recrystallized from glacial acetic acid (82% yield).

### 2.2.2. Synthesis of 6-aminocoumarin **(2)** {#sec2.2.2}

6-nitro coumarin (6.5g) was slowly added into a suspension of Fe-dust in distilled water, containing NH~4~Cl at 80^0^C--90 °C. The mixture was heated on water bath for 2 h. Then reaction mixture was cooled, filtered and residue extracted with acetone. The extract was distilled off the solvent and product recrystallized from ethanol (65% yield).

### 2.2.3. Synthesis of 6-amino-5-bromo-2H-chromen-2-one **(3)** {#sec2.2.3}

6-amino coumarin (1eq) was dissolved in minimum volume of acetonitrile and vigorously stirred while N-Bromosuccinamide (1.2eq) was added. Stirring continued for 2hours at room temperature. Then solvent was removed and the crude product was purified by column chromatography (silica gel) using ethyl acetate and petroleum ether (1:9) as eluent (73% yield).

### 2.2.4. Synthesis of 2-mercapto-7H-chromeno \[6,5-d\]thiazol-7-one **(4, the thiol ligand)** {#sec2.2.4}

CS~2~ and DBU was added to toluene solution of *6-amino-5-bromo-2-H-chromen-2-one*in a sealable tube and stirred at room temperature under N~2~ atm. After 1hour the tube was sealed and the mixture was stirred at 80^0^C--100 °C for 36 h. After completion of reaction (by TLC) the mixture was cooled to room temperature. The crude product obtained was washed repeatedly with dichloromethane to afford the target ligand (95% yield) \[Modified process of Ref. \[[@bib33]\]\].

Pale yellow, MP:110 °C**,** IR: 2750cm^−1^, 3072cm^−1^, 1747cm^−1^, 1602cm^−1^, 628cm^−1^**,** ^1^HNMR (400MHz, CDCl~3~, TMS): 6.651 (d, J = 10, 1H), 7.494(d, J = 8.8, 1H), 7.782 (d, J = 9.2, 1H), 8.216 (d, J = 10, 1H), 9.783 (singlet, 1SH), ^13^C NMR (100MHz, CDCl~3~, TMS): 30.64, 116.04, 117.75, 118.80, 121.96, 133.37, 134.89, 142.64, 152.55, 159.12, 182.02.

### 2.2.5. Synthesis of silver nanoparticles functionalized with the thiol ligand **4** {#sec2.2.5}

The preparation and functionalization of Silver nanoparticle was performed by modified Turkevich method \[[@bib34]\]. A water-alcohol-acetone solution of the thiol ligand (100 mM in 25ml solution) was added to silver nitrate solution (10 mM in 10ml aqueous solution), followed by drop-wise addition of sodium citrate solution (15 mM in 25ml solution) keeping the mixture stirred at about 60 degC. After addition the stirring was continued at 60 degC for one more hour (or till a dark solution is formed), and then kept on stirring in room temperature overnight. The suspension so obtained after the removal of larger particles by centrifugation, was used for further studies. The synthetic scheme of the work is elaborated in [Figure 2](#fig2){ref-type="fig"}.Figure 2The scheme of synthesis (number of ligands shown over the surface of Ag NP are arbitrary and for illustration purpose only).Figure 2

3. Results and discussion {#sec3}
=========================

3.1. Absorption and fluorescence studies {#sec3.1}
----------------------------------------

The thiol, absorbed at 289nm (Red markers in [Figure 3](#fig3){ref-type="fig"}), attributed to π→π∗ transition for (C=O). The fluorescence spectrum of the thiol (Green markers in [Figure 3](#fig3){ref-type="fig"}) exhibits emission at 520nm on excitation by light of wavelength 289nm. The fluorescence got quenched upon functionalization of Ag nanoparticle with this compound (the quenching was observed through UV-chamber and confirmed by Fluorescence spectroscopy). The UV-visible spectrum of the functionalized particles exhibited a wide absorption band at λmax = 650nm characteristics of assemblage of silver nanoparticles \[\[[@bib35]\], for special remarks refer \[[@bib36]\]\]. The interaction between the thiol molecules and AgNPs is presented schematically in [Figure 2](#fig2){ref-type="fig"}. The thiol molecule mainly binds with the Ag-NP mainly through the --SH group. The nearby heterocyclic S and N also enhances the binding affinity of the ligand for the metal surface. Due to the strong affinity of the thiol ligand to AgNPs, and the direct attachment of the --SH group to the aromatic framework of the fused-ring structure, electron transfer occurs easily causing significant spectral overlap between the emission profile of the ligand with the absorption spectrum of AgNPs \[[@bib37]\]. This is probably responsible for the nonradiative energy transfer between the thiol ligand and AgNPs, in accordance with Forster\'s theory \[[@bib37], [@bib38]\], thereby causing the quenching of fluorescence (see [Figure 3](#fig3){ref-type="fig"}b).Figure 3(a) Absorption (red) and Fluorescence (green) spectrum of 2-mercapto-7H-chromeno \[5,6-d\]thiozole-7-one; (b) Fluorescence spectrum of the thiol functionalised Ag nanoparticle.Figure 3

3.2. Transmission electron microscopy (TEM) and powder XRD {#sec3.2}
----------------------------------------------------------

TEM image of the thiol-functionalized Ag-nanomaterials demonstrated the self-assembly and superior regularity of size. At wide-view, the material appeared rod-like ([Figure 4](#fig4){ref-type="fig"}a), but at closer view the self-assembly of almost spherical nanoparticles of \~10nm diameter was clearly noticeable ([Figure 4](#fig4){ref-type="fig"}b-d). This was supported by the XRD pattern of functionalized material ([Figure 4](#fig4){ref-type="fig"}e). The crystallite size of functionalized material calculated to be 17 nm using Scherrer\'s equation \[[@bib39]\] from (111) preferred orientation, indicating that the particulate nature has been retained in this assembly. The material exhibited diffraction peaks corresponds to (111), (200), (220) and (311) planes assigned to face centered cubic (fcc) structure \[[@bib40]\].Figure 4(a--d) TEM image of thiol-functionalised Ag-nanoparticles, (e) XRD of the same material.Figure 4

In an earlier report, García-Báez and group \[[@bib30]\] demonstrated through single crystal XRD, the fused polar rings of coumarins can associate through π-stacking interactions along with C−H•••O and C−H•••π interactions. Similar π-stacking interactions between the aromatic ring centroids was reported in substituted coumarin based compound by Estrada-Soto \[[@bib41]\]. In a similar fashion, a network of such interaction between the coumarin based fused-ring thiol ligands in the present material, seems to play the vital role in bringing the surface-anchored Ag nanoparticles close enough for an assembly formation (as depicted in the schematic presentation in [Figure 2](#fig2){ref-type="fig"}) leading to a closely packed ensemble of particles. A control synthesis of Ag nanoparticles without adding this thiol-ligand yielded mixture of unassembled spherical, hexagonal and pyramidal silver nanoparticles. Keeping the issue of resistance of citrate anions on desorption from silver nanoparticles in view, the thiol (in excess) was kept in the reaction from the beginning (before the addition of citrate) and citrate was added in near stoichiometric amount corresponding to silver ion concentration. However, it is possible to have coadsorption of thiols with some preadsorbed citrates on the surface of the nanoparticles, but that does not seem to prevent the formation of the observed self-assembly \[for a related case Ref. \[[@bib42]\] may be cited\].

3.3. Selected area electron diffraction (SAED) {#sec3.3}
----------------------------------------------

The selected area electron diffraction (SAED) pattern of functionalized Ag-nanoparticles ([Figure 4](#fig4){ref-type="fig"}c inset), was of particular interest here. In spite of several attempts at different regions of the sample, it was not possible obtain a spot pattern with SAED, rather ended up with ring pattern or spotty ring pattern. The unavailability of spot pattern articulately supported the fact that, the functionalised particles stayed 'small' i.e., had remained as nanoparticles after such a large self-assembly and did not get converted in larger rods or agglomerates. Otherwise, a single silver nano-rod (spanning about 100nm here), the electron diffraction would have resulted in exhibition of the characteristic spot pattern of Ag nanorod \[[@bib43]\]. Earlier works of Raghuwanshi and groups cited earlier \[[@bib23], [@bib24]\] reported similar clusterisation of nanoparticles retaining their particle-nature using special deep eutectic solvents. In our work, larger uniform clusterisation has occurred without the requirement of any special treatment.

The circular fringes in the SAED pattern of functionalized Ag-NP corresponds to (111), (200), (220) and (311), characteristic of face centred cubic crystalline structure, which is also supported by XRD.

4. Conclusion {#sec4}
=============

Self-assembly of silver nanoparticles has been observed upon functionalization with the coumarin based organic thiol, *2-mercapto-7H-chromeno \[5, 6-d\] thiozole-7-one.* Formation of large arrangement of nanoparticles has been achieved by the simple method discussed, without the requirement of any special treatment or equipment. The fluorescence of the thiol got quenched when conjunct with Ag-NP. The particles though organized very closely in a larger secondary structure, were capable to sustain their individual particle nature which is evidenced from the TEM/SAED and further supported by the size of particles from XRD. The work portrays the practicability of no-bond interaction like π-stacking, in the construction of organized functional nanomaterials.
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